Abstract-The control/user (C/U) plane decoupled railway wireless network is an innovative architecture recently proposed to meet the communication demands of both train control systems and onboard passengers. The core idea is to completely separate the C-plane and the U-plane into different network nodes operating at different frequency bands. Although the system capacity of this network architecture can be highly increased, the forwarding latency of X3 interfaces to link the C-plane and the U-plane becomes a serious problem, particularly for hybrid automatic repeat request (HARQ) protocols that demand frequent interactions between the C-plane and the U-plane. To address this challenging problem, we propose a low-latency collaborative HARQ scheme in this paper. Specifically, we develop a new collaborative transmission framework where the possible spare resources on lower frequency bands of macrocells excluding those used by C-plane transmissions can be utilized to help small cells relay erroneously received data. Compared with the conventional HARQ scheme, the proposed scheme requires fewer retransmissions to reach the same transmission reliability, thereby mitigating the latency problem caused by HARQ retransmissions. Furthermore, channel mapping is also redesigned to conform to the proposed collaborative transmission framework. Through theoretical analysis, we derive the expression of the average number of retransmissions related to the sum of independent Gamma variables. Finally, the results of simulation experiments show that the proposed scheme can largely decrease the retransmission latency for railway wireless networks.
network operators would provide full and dependable wireless coverage for sparsely-populated railway scenarios with low revenue return. Furthermore, due to the limited signal processing capability of mobile equipments, it is difficult to overcome the severe challenges in high-speed railway scenarios, such as large penetration loss, high mobility and fast group handovers [1] . As a result, a novel unified railway wireless network is urgently needed to meet the communication demands of both train control systems and onboard passengers. To this end, industrial participants have reached the consensus that the current narrowband Global System for Mobile Communication for Railway (GSM-R) will evolve to Long Term Evolution (LTE) for railway communication systems in the near future [2] , [3] . In addition, a C/U-plane decoupled railway wireless network was proposed [4] , [5] . To address the problems caused by the direct connection between onboard passengers and wayside base stations, an access point (AP) is deployed inside the train to collect passengers' services in this network. These services are then relayed to wayside base stations by a mobile relay (MR) deployed on the roofs outside the train [1] , [6] . More importantly, a concept of decoupling C-plane and U-plane is applied to this network. To guarantee the transmission reliability and coverage, the more important C-plane is kept in the macro cells with relatively high-quality lower frequency bands, i.e., conventional 800 MHz ∼ 2 GHz frequency bands. In contrast, as the main data carrier, the U-plane needs more transmission capacity, thereby being moved to small cells operating at broadband higher frequency bands, including frequency bands higher than 5 GHz, up to 300 GHz. In [4] , to provide a better understanding of this network architecture, we studied the bandwidth matching between macro cells and small cells, where 96 passengers' C-plane can be supported in a subframe with a bandwidth of 5 MHz in macro cells, and the corresponding required bandwidth in small cells is 21.2 MHz with a date rate of 500 Kbps per passenger. With more available bandwidth in macro cells, more passengers can be served, and therefore more bandwidth is required in small cells. Besides, as the data rate of passengers increases, the required bandwidth in small cells will also be enlarged. Considering more stringent requirements for transmission reliability, train control information is entirely kept at macro cells without decoupling. Through a newly introduced interface, namely, X3, macro cells and small cells can interact and synchronize with each other. From a purely technical point of view, X3 interfaces employ the same protocols of traditional X2 interfaces in LTE networks [7] .
Through retransmissions to ensure transmission reliability, the hybrid automatic repeat request (HARQ) protocol plays an important role in LTE networks [8] [9] [10] [11] . However, in C/U-plane decoupled railway wireless networks, the C-plane signaling, including HARQ acknowledgments, is transmitted on relatively high-quality lower frequency bands, while the U-plane data are carried by higher frequency bands. In other words, the ACK/NACK message receiving and data transmitting of an HARQ process are in a macro cell and a small cell, respectively, not in the same network node. Therefore, macro cells need to forward the received HARQ acknowledgments to small cells via X3 to instruct small cells what to do next, and handle retransmissions if the acknowledgement is an NACK or send new data if it is an ACK. Obviously, the decoupling C-plane and U-plane cause more overhead in X3. Since in this paper we focus on the HARQ retransmission latency, the overhead is taken into account in the form of forwarding latency of X3 interfaces. According to the field test results in [12] , the forwarding latency of X2 interfaces is about 1 ms on average and 6 ms at maximum. Because X3 interfaces adopt the same protocols as X2 interfaces, the above results also apply to X3 interfaces. Consequently, the time interval between two adjacent (re)transmissions of an HARQ process in C/U-plane decoupled railway wireless networks is enlarged. How to reduce the aggravated latency of HARQ retransmissions in this network becomes a significant challenge.
In the conventional network architecture, C-plane and U-plane share the same frequency resources in macro cells. The available resources for the C-plane in LTE networks are very limited because only the first three OFDM symbols in a subframe are used for control channels [11] . In contrast, in the C/U-plane decoupled railway wireless network, the resources of lower frequency bands in macro cells are all used for the C-plane. As a consequence, some relatively high-quality and spare spectrum resources may become available in macro cells, which could be further exploited to assist small cells to handle retransmissions, aiming at reducing the retransmission latency. To sum up, the main contributions and novelties of this paper include:
1) The timing of the conventional HARQ scheme under C/U-plane decoupled railway wireless networks is analyzed to investigate how decoupling C-plane and U-plane can affect the retransmission latency of HARQ, demonstrating the critical issue of aggravating the latency problem of HARQ in C/U-plane decoupled railway wireless networks. 2) To reduce the HARQ retransmission latency in C/U-plane decoupled railway wireless networks, we propose a collaborative HARQ scheme in which the potential spare lower frequency band resources in macro cells excluding those used for C-plane transmissions are exploited to help small cells handle retransmissions. Furthermore, double copies of data are concurrently transmitted in macro cells and small cells in the process of retransmission in order to reduce the total number of required retransmissions and the retransmission latency. Accordingly, the timing of the proposed collaborative HARQ scheme is designed. Considering the significant difference of signal propagation between the lower and higher frequency bands, the process of data combining is studied from the hardware point of view. 3) To determine how to realize collaborative retransmissions between different network nodes in macro cells and small cells, a collaborative transmission framework between macro cells and small cells is proposed to reduce the aggravated latency and enhance the flexibility of bandwidth extension for C/U-plane decoupled railway wireless networks. This framework can also be generalized to common U-plane data collaborative transmissions beyond railway wireless networks. To this end, the channel mapping is redesigned to conform to this framework. 4) For both the conventional and proposed schemes, we conduct theoretical analysis of the average number of retransmissions related to the sum of independent Gamma variables. Based on the analytical results, the average number of retransmissions, the average retransmission latency and the average transmission rate of the conventional and proposed schemes are compared through numerical experiments.
The remainder of this paper is organized as follows. In Section II, we describe the timing of the conventional HARQ scheme applied to C/U-plane decoupled railway wireless networks and present the aggravated retransmission latency problem. In Section III, the collaborative HARQ scheme to mitigate this problem is proposed. In Section IV, to enhance the flexibility of bandwidth extension of the C/U-plane decoupled railway wireless networks, a general collaborative transmission framework is proposed. In Section V, analytical results for the average number of retransmissions related to the sum of independent Gamma variables are derived. In Section VI, simulation results are illustrated and analyzed in details. Finally, conclusions are drawn in Section VII.
II. CONVENTIONAL HARQ SCHEME IN C/U-PLANE DECOUPLED RAILWAY WIRELESS NETWORKS
This section presents the C/U-plane decoupled railway wireless network architecture and then discusses the problems of timing and aggravated retransmission latency of the conventional HARQ scheme working in this network architecture.
A. C/U-Plane Decoupled Railway Wireless Networks
In order to increase the system capacity to meet the wireless access demands of train passengers, a C/U-plane decoupled railway wireless network was proposed in [4] , [5] . As shown in Fig. 1 , an AP and an MR are deployed on the roofs inside and outside trains, respectively, so as to provide a dependable connection for train passengers. The inside AP firstly collects the services of train passengers, and then these services are forwarded to the wayside base stations via the MR. In this way, the problems caused by the direct connection between onboard passengers and wayside base stations, such as large penetration loss, high mobility and group handovers, can be avoided. According to [1] , backhaul links between MRs and wayside base stations are the key capacity bottlenecks. Therefore, the C/U-plane decoupled architecture is applied to these links. To enable efficient mobility support, the critical C-plane is kept in macro cells operating at relatively high-quality lower frequency bands. The corresponding U-plane, which is the main data carrier, is moved to broadband but relatively poor-quality higher frequency bands to expand the system capacity. Specifically, some low-rate services with absolute demands on transmission reliability, e.g., train control information, can be entirely distributed to macro cells without decoupling. Since small cells are only responsible for the U-plane without handling any control functions, they are solely connected to the SGW, but not to the MME as shown in Fig. 1 . Via X3 interfaces, macro cells and small cells can exchange control signaling and data as well as synchronize with each other. In order to provide some lowrate services that have stringent requirements for transmission reliability, in addition to the MME, macro cells can also be connected to the SGW.
B. Timing of the Conventional HARQ in C/U-Plane Decoupled Railway Wireless Networks
Stop and Wait (SaW) is a typical HARQ retransmission mechanism where the next transmission is performed only when the acknowledgment to the previous transmission is received [11] . To fully utilize the resources while waiting for acknowledgments, multiple HARQ processes are carried out. In the conventional network architecture, the number of synchronous HARQ processes in frequency division duplex (FDD) systems is eight, i.e., the maximum latency caused by a retransmission is 8 ms. While in the C/U-plane decoupled railway wireless networks, the maximum latency of HARQ is 8 + T d,max , where T d,max denotes the maximum forwarding latency of X3 interfaces. According to the field test results in [12] , the forwarding latency of X2 interfaces is about 6 ms at maximum. Then, the time interval between two adjacent (re)transmissions of an HARQ process in this network is 14 ms, which is much larger than that of HARQ in the conventional networks. For the asynchronous HARQ and time division duplex (TDD) systems, the time interval is even larger. For clarity, in this paper we take the downlink synchronous HARQ of FDD systems as a case study. Nevertheless, the same analysis can be generalized to other cases as well. Moreover, to achieve a compromise between the system complexity and performance, chase combining in which retransmissions contain the same set of coded bits as the initial transmission [13] is adopted to combine the retransmitted data and the initially transmitted data [14] [15] [16] . After each retransmission, the receiver uses maximum ratio combination (MRC) to combine each received signals and finally feeds them to the decoder. Fig. 2 illustrates the timing of the conventional HARQ scheme applied to C/U-plane decoupled railway wireless networks. For clarity, we focus on the timing of one HARQ process. In downlink, the small cell transmits the initial data (1) (denoted by D(1)) on subframe n. After decoding the received data, the MR generates the corresponding acknowledgments. To guarantee the transmission reliability, the HARQ acknowledgments, as a kind of C-plane signaling, are kept at relatively high-quality lower frequency bands in macro cells. In the situation shown in Fig. 2 , the data in the initial transmission are not correctly received. Thus, the MR generates an NACK and sends it to the macro cell on subframe (n + 4). Then, the macro cell forwards this NACK to the small cell via X3. In consideration of the forwarding latency of X3 interfaces, the subsequent retransmission for these erroneously received data is performed on subframe (n + 8 + T d,max ). As shown in Fig. 2 , two retransmissions are performed before the data are successfully decoded. For D(1), the total latency caused by retransmissions is 2 × (8 + T d,max ) = (16 + 2 T d,max ) ms. Compared to the conventional networks in which the latency caused by two retransmissions is 16 ms, 2 T d,max ms extra latency is brought in, aggravating the latency problem in HARQ especially for latency-sensitive services. For clarity, the wireless transmission delay is neglected in Fig. 2 . Therefore, the subframes, on which the same data are transmitted and received, are aligned in the time domain.
III. PROPOSED COLLABORATIVE HARQ SCHEME In the above section, the aggravated retransmission latency problem of the conventional HARQ scheme working in C/U-plane decoupled railway wireless networks is discussed. To mitigate the problem, the principle and timing of the proposed collaborative HARQ scheme are presented in this section.
A. Principle of the Collaborative HARQ Scheme
Due to the change in C/U-plane decoupled railway wireless networks where the whole lower frequency bands of macro cells are used for C-plane transmissions, there may be spare spectrum resources on these high-quality bands. Suppose that the bandwidth of a macro cell is 10 MHz corresponding to 8400 available resource elements (REs) in 1 ms, and 30 percent of 1000 users in a train are active and scheduled in a frame of 10 ms. To make a compromise, two control channel elements (CCEs), consisting of 72REs are assigned to the physical downlink control channel (PDCCH) of a user, and every eight users share a physical HARQ indicator channel (PHICH) as in conventional LTE networks. Then, the total consumed resources by control channels and reference signals in 1 ms are 3008REs and there are still 5392REs unused.
Based on this observation, to mitigate the aforementioned retransmission latency problem, a low-latency collaborative HARQ scheme that exploits the possible spare resources in macro cells to help small cells handle retransmissions is proposed, as shown in Fig. 3(a) . Considering the large signal propagation difference between discontinuous higher and lower frequency bands, if necessary, two dedicated antennas and receiving circuits are integrated at the MR side to individually handle the radio frequency (RF) signals received from macro cells and small cells. Obviously, compared to the conventional network architecture, although the C/U-plane decoupled network architecture can greatly increase the system capacity, it comes at the expense of higher hardware complexity. After converting RF signals to baseband signals, the receiving circuits output the two parallel baseband signals of a retransmission to the demodulators. Then, through chase combining, the two demodulated bit streams are combined with the initial transmission stored in the buffer memory. Finally, the combined signals are fed to the decoder for a new decoding attempt.
B. Timing of the Collaborative HARQ Scheme
Correspondingly, the downlink timing of the proposed collaborative HARQ scheme is depicted in Fig. 3(b) . After receiving an NACK on subframe (n + 4), which is the HARQ acknowledgment to the initially transmitted D(1) on subframe n, the macro cell forwards it to the small cell via X3, resulting in a maximum T d,max latency. If there are spare spectrum resources in the macro cell, the small cell will forward the retransmitted data to the macro cell via X3. Similarly, a maximum T d,max latency is induced again. As a case study, under the same situation as depicted in Fig. 2 , in the proposed scheme the data are correctly decoded after one retransmission which actually includes double copies of the retransmitted data. The latency of a retransmission with double copies of data concurrently transmitted in the proposed scheme is (8 + 2 T d,max ) ms. Compared to the conventional scheme shown in Fig. 2 , under the same situation, the total latency is reduced by 8 ms in the proposed scheme. When D (1) is correctly decoded, the MR feeds back an ACK to the macro cell on the subsequent subframe after 4 ms. Then, with a maximum T d,max latency, the acknowledgment is further forwarded to the small cell. As it is an ACK, the small cell directly performs another new data transmission on subframe (n + 16 + 3 T d,max ) without the need to forward data to the macro cell any more. Based on the above analysis, we can figure out the timing between two adjacent (re)transmissions in the proposed collaborative HARQ scheme. With respect to a retransmission, the time interval between this retransmission and the previous (re)transmission is (8 + 2 T d,max ) ms. The time interval between a new data transmission and the previous (re)transmission is (8 + T d,max ) ms. According to these timing, the receiver can receive all data in sequence accurately.
IV. PROPOSED COLLABORATIVE TRANSMISSION FRAMEWORK
Different from the conventional network architecture, C-plane and U-plane in the C/U-plane decoupled wireless network architecture are completely separated into different network nodes. Therefore, channel mappings need to be redesigned. In this paper, we take LTE protocols as a design benchmark. As shown in Fig. 4 , in the newly redesigned channel mapping method, all control channels are kept at macro cells, and all traffic channels are moved to small cells. In macro cells, a new MAC uplink (or downlink) control channel (i.e., U(D)L-CCH) is defined to carry some of up-layer RLC control channels, which is finally mapped to a converged physical uplink (or downlink) control channel (CPU(D)CCH). In small cells, a new MAC traffic channel, uplink (or downlink) traffic channel (U(D)L-TCH), is defined and finally mapped to a physical uplink (or downlink) traffic channel (PU(D)TCH). In terms of physical resources, all C-plane channels are eventually mapped to lower frequency bands, and all U-plane channels are mapped to higher frequency bands. Therefore, the physical control format indicator channel (PCFICH) in the conventional coupled LTE networks, which is used to discriminate the boundary of the control and traffic channels sharing the same frequency bands, is saved in the C/U-plane decoupled network architecture.
To realize collaborative transmissions between two different network nodes, i.e., macro cells and small cells, new peer entities, namely, collaborative transmission entities (CTEs) are proposed to be deployed in the MAC layers of macro cells and small cells. Through an X3 interface, the CTEs in different base stations can communicate with each other. Note that only the potential spare resources in collaborative transmissions macro cells are exploited to help transmit U-plane data of small cells. The real control of these U-plane data transmissions, including HARQ decisions, is still under the control of small cells. Therefore, as shown Fig. 4 , the forwarded U-plane MAC PDUs from small cells are directly mapped to physical resources of macro cells without going through the HARQ module of macro cells. After receiving the data, MRs will send the corresponding HARQ acknowledgements contained in PHICH on more dependable lower frequency bands, and then they are forwarded by macro cells to small cells. Finally, based on this information, small cells make decisions for the forthcoming transmissions. For clarity, the whole collaborative transmission process consists of the following five steps:
Step 1: In the macro cell, its MAC controller periodically informs its CTE of the resource usage of lower frequency bands.
Step 2: Via X3, the resource usage of the macro cell is forwarded by its CTE to the CTE of the small cell.
Step 3: If there are spare spectrum resources in the macro cell, the MAC controller of the small cell will transfer some data to its own CTE.
Step 4: The CTE of the small cell forwards these data to the CTE of the macro cell. Then, based on the current system states, the MAC controller of the macro cell makes a decision on the resources and transmission formats used for collaborative transmissions.
Step 5: With the help of the macro cell, the U-plane data can be transmitted on both lower and higher frequency bands, enhancing the spectrum utilization of lower frequency bands. After receiving the data, MRs will feed back HARQ acknowledgements contained in PHICH on more dependable lower frequency bands.
Then, macro cells forward these acknowledgements to small cells via X3, based on which small cells make decisions for the following transmissions.
Moreover, as shown in Fig. 4 , in the macro cell, a new MAC channel, namely, collaborative transmission channel (CTCH) and a new PHY channel, namely, physical collaborative transmission channel (PCTCH) are brought in to accommodate collaborative transmissions. To instruct MRs to precisely receive data in the framework, the message indicating whether a collaborative transmission is active or not and the resources as well as the transmission formats used for transmissions in macro cells and small cells is carried by PDCCHs. From the physical resource point of view, the proposed framework equivalently establishes a virtual bridge between completely discontinuous lower and higher frequency bands, and thus enhancing the flexibility of bandwidth extension for C/U-plane decoupled railway wireless networks. Considering the general applicability, the framework is described from a more general perspective above. Although the system capacity can be intuitively increased if the possible spare resources are used to transmit the general U-plane data, for broadband C/U-plane decoupled railway wireless networks the capacity is not a key problem temporarily. Nevertheless, as what will be shown in Section VI, if they are used to help retransmissions, the average retransmission latency can be highly reduced. Therefore, to mitigate the latency problem, in this paper we use this collaborative transmission framework to support collaborative retransmissions between macro cells and small cells. That is, the forwarded data by small cells are retransmitted data, and they are mapped on both higher frequency bands and lower frequency bands in duplication. It is also notable that if there is no spare spectrum resource in macro cells, the system will degenerate to the conventional scheme as shown in Fig. 2 .
V. ANALYTICAL MODELS
In this section, we first describe the wireless channel of high-speed railway scenarios. Then, theoretical analysis of the average number of retransmissions related to the sum of independent Gamma variables is conducted for the conventional and proposed schemes.
A. Wireless Channel Modeling
Doppler effect in the high-speed movement scenarios is a severe hindrance to high performance transmissions. Fortunately, in the special railway scenarios, the characteristics of determined running directions, regular running tracks and repetitive movements of trains along fixed running tracks lead to a regular, repetitive and predictable Doppler shift curve, thereby making it easier to trace and compensate the Doppler effect under this scenario [17] . Moreover, there have been many research studies focusing on the Doppler effect estimation and compensation for high-speed railway scenarios, such as in [18] , and [19] . Based on this observation, in this paper we assume that the Doppler effect can be perfectly compensated and has almost no influence on the final performance for both the conventional scheme and the proposed scheme, which also ensures the fairness when comparing the performance of two schemes in both theoretical analysis and simulation experiments.
For high-speed railway scenarios, the most typical terrain is viaduct, in which wireless channels can be approximated as line of sight (LOS) following a Rician distribution [20] , [21] . To study the combining performance of (re)transmissions, we need to derive the joint probability density function (PDF) and cumulative distribution function (CDF) of multiple Rician variables. However, according to [22] , it is almost impossible to obtain an exact analytical joint PDF or CDF for more than three Rician variables. Fortunately, it is widely reported that Nakagami statistics can closely approximate Rician statistics with a relationship between the Rician parameter K and Nakagami parameter m as [23] , [24] 
Under the Nakagami model, the received signal to noise ratio (SNR) follows a Gamma distribution, i.e., γ ∼ Gamma(m, m/γ), of which the PDF can be expressed as
where S(γ) is a unit step function and is defined as
and γ denotes the average received large-scale SNR, i.e.,
, where E[·] is the expectation operator. Fig. 5 describes the geometric sketch to calculate the average large-scale SNR of received signals from macro cells and small cells in C/U-plane decoupled railway wireless networks. In consideration of the linear topology of wireless communication networks in railway scenarios, the macro cells and small cells in Fig. 5 are deployed on a straight line with vertical distance of d min to the rail. R s , R m and a s denote the radius of a macro cell, the radius of a small cell and the overlapping distance of small cells, respectively. To clarify the analysis, only one macro cell is considered in this paper, i.e., the analysis scope of d is from a s to 2R m − a s . Since macro cells and small cells operate at different frequency bands with different characteristics such as different coverage radiuses, for clarity we use the subscript m and s to represent the parameters of macro cells and small cells, respectively. As shown in Fig. 5 , suppose that the train starts from the original point and travels through distance of d along the abscissa-axis direction, then the signal propagation distance, x m (d), from the macro cell to the train is Similarly, the signal propagation distance, x s (d), from the current serving small cell to the train is
where Di s = 2R s − a s is defined to simplify the expression of Eq. (5). Generally, the average received large-scale SNR can be calculated as
where P t is the transmit power, P L(x) is the large-scale path loss, and N 0 is the noise power. Then, the average large-scale SNR of received signals from the macro cell and the current serving small cell can be separately expressed as
Based on [25] , for a given modulation and coding scheme (MCS) i, the packet error rate (PER) related to the instantaneous SNR can be approximated as
where a i , g i , and γ th i are three parameters determined by MCS i as listed in Table I [25], [26] .
B. Theoretical Analysis of the Conventional HARQ Scheme
To make the analysis more understandable, the effects of incorrect receiving or losing of HARQ acknowledgments on the overall performance are not considered. Let N con max denote the maximum number of permissible retransmissions for the conventional HARQ scheme in C/U-plane decoupled railway wireless networks. Since in the conventional HARQ scheme small cells perform all initial transmissions and retransmissions, for MCS i s where i s ∈ {1, 2, 3}, the average number of required retransmissions of the conventional scheme, excluding the initial transmission, can be derived as
where γ s,0 is the received SNR of the initial transmission in the small cell. The detailed derivation of Eq. (10) is given in Appendix A. Suppose that the velocity of the train is v = 360 km/h and the center frequency of small cells is f s = 5 GHz. Then, we can get the maximum Doppler Shift in small cells as f d,s = vf s /c = 1.67 kHz, where c is the light speed. Correspondingly, the coherence time of wireless channels in small cells is T c,s = 0.423/f d,s = 0.25 ms [27] , which is much shorter than the time interval between two adjacent (re)transmissions of an HARQ process. Thus, it is reasonable to assume that the (re)transmissions of an HARQ process experience independent wireless channels. Additionally, taking LTE networks as the analysis baseline, the value of N con max is 6 [28] , and then the time interval between the initial transmission and the sixth retransmission is (48 + 6 T d,max ) ms. Based on the field test results in [12] , let T d,max = 6 ms. And then 48 + 6 T d,max = 84 ms. During the time interval of 84 ms, the running distance of the train is 8.4 m, which is relatively much shorter than the distance between base stations and the rail. Therefore, all (re)transmissions in an HARQ process can be assumed to have the same average large-scale SNR. As a result, γ s,j with j = 0, 1, 2 . . . in Eq. (10) follows an independent and identical distribution. According to [29] , we can get Υ s, = j=0 γ s,j ∼ Gamma(( + 1)m s , m s /γ s ). Therefore, the average number of retransmissions of the conventional HARQ scheme in C/U-plane decoupled railway wireless networks can be rewritten as
where Γ low (y, m) is the lower incomplete Gamma function, defined as Γ low (y, m) = y 0 x m−1 e −x dx. The detailed derivation of Eq. (11) is given in Appendix A.
With the obtained average number of retransmissions, the average latency caused by retransmissions of the conventional HARQ scheme in C/U-plane decoupled railway wireless networks can be expressed as
In the conventional HARQ scheme, only a copy of the data that are unsuccessfully decoded in the initial transmission is carried in a retransmission. Accordingly, only a copy of resource is consumed in a retransmission. For MCS i s , after L i s ,con retransmissions, the average system transmission rate is
C. Theoretical Analysis of the Proposed Collaborative HARQ Scheme
In the proposed collaborative HARQ scheme, initial transmissions are carried by small cells, and the following retransmissions will be collaboratively accomplished by small cells and macro cells. Due to the differences of signal propagation characteristics on lower and higher frequency bands, for the train at the same geographic location as shown in Fig. 5 , the average large-scale SNR of received signals from macro cells and small cells may be different. Hence, the macro cell and small cell probably choose different MCS for the two copies of data in a single retransmission based on the assumption that the adaptive modulation and coding (AMC) technique is used. In this case, we cannot obtain the exact analytical expression of the average number of retransmissions for the proposed scheme. Nevertheless, based on the MCS with a higher order among the two MCSs selected by the macro cell and small cell, the upper limit of the average number of required retransmissions can be obtained for the proposed scheme. Similarly, based on the MCS with a lower order, the lower limit of the average number of required retransmissions can be derived. Let i m denote the selected MCS by the macro cell, where i m ∈ {1, 2, 3}. As listed in Table I , the lower the values of i s and i m are, the lower the order of MCSs is. With the definition of x = max(i m , i s ), the upper limit of the average number of required retransmissions in the proposed collaborative HARQ scheme is obtained as
The detailed derivation of Eq. (14) is given in Appendix B. For clarity, we separately conduct the derivation for each item in Eq. (14) . Based on the above analysis, we can obtain
Similarly, suppose that the frequency center of macro cells is f m = 2 GHz. Then, the coherence time of wireless channels in macro cells is T c,m = 0.423/(vf m /c) = 0.63 ms, which is much shorter than the time interval between two adjacent (re)transmissions in the proposed scheme. Therefore, we can assume that the wireless channels experienced by (re)transmissions of an HARQ process in the macro cell are independent on each other. Let T d,max = 6 ms. Considering that double copies of data are concurrently transmitted in a retransmission in the proposed scheme, the maximum number of permissible retransmissions of the proposed scheme is set to N pro max = 3. Then, the time interval between the initial transmission and the third retransmission is 3 × (8 + 2 T d,max ) = 60 ms. During this period, the running distance of the train is 6 m, which is relatively much smaller than the distance between base stations and the rail. Hence, the average large-scale SNR of all (re)transmissions in an HARQ process is almost equivalent. As a consequence, it can be assumed that wireless channels experienced by all (re)transmissions of an HARQ process in the macro cell follow an independent and identical distribution. Then,
For clarity, we define
As macro cells and small cells operate at completely different frequency bands, we can assume that transmissions in macro cells and small cells are diverse and independent. That is, Υ s, and Υ m, are two independent Gamma variables with different parameters. According to [30] , [31] , the PDF of the sum of the two variables, denoted by Y = Υ s, + Υ m, , can be derived as
where q, C, ρ and δ are interim coefficients to simplify the expression of Eq. (18), and
Then, we can obtain the expectation of the last item in Eq. (14) as
Considering the practical application, we take the first Ω items of the infinite series in Eq. (20) as an approximation, that is,
To substitute the above results into Eq. (14), the upper limit of the average number of retransmissions in the proposed collaborative HARQ scheme, denoted by L upper pro , can be rewritten as Eq. (22), shown at the bottom of the page. Similarly, if we define z = min(i m , i s ), the lower limit of the average number of required retransmissions in the proposed scheme, denoted by L lower pro , can be obtained as Eq. (23), shown at the bottom of the next page.
With the above results, the scope of the latency caused by retransmissions in the proposed scheme is
In the proposed collaborative HARQ scheme, double copies of data are concurrently transmitted in a retransmission, leading to the consumption of double copies of resources. Therefore,
the scope of the average system transmission rate in the proposed scheme is
VI. PERFORMANCE ANALYSIS AND COMPARISON
Based on the theoretical analyses in Section V, numerical results are provided in this section to compare the performance of the conventional and proposed schemes. Simulation experiments are performed under two conditions, i.e., under fixed MCS and under AMC. Due to the fact that AMC can enhance the transmission reliability in some degree, the retransmission latency performance improvement of the proposed scheme under AMC is less remarkable than that under fixed MCS.
A. Performance Comparisons Under Fixed MCS
In this section, to conduct fair and comprehensive performance comparisons, simulation experiments are performed under the condition that the same MCS is used in small cells and macro cells and is not adaptively changed when the train runs through the whole wireless coverage. In this way, we can investigate the pure performance improvements of the proposed scheme without the influence of AMC techniques on the transmission reliability. Performance comparisons of the average number of retransmissions, the average retransmission latency and the average system transmission rate are illustrated in Figs. 6-8, respectively. Detailed simulation parameter settings are listed in Table II [4] , [5] . For clarity, here two small cells symmetrically located in the coverage of a macro cell are considered. Therefore, the following simulation results are symmetrical to the position of the macro cell. For the purpose of performance analysis, we focus on the results of the left-hand side as case studies.
As shown in Fig. 6 , overall the proposed scheme requires much fewer retransmissions compared to the conventional scheme. Moreover, the higher the MCS order is, the more remarkable the performance improvement of the proposed scheme is. For instance, under the MCS of 64QAM, when the train is at the edges of the macro cell which also corresponds to the edges of small cells, e.g., at d = 0.2 km, due to the low SNR in these regions both schemes arrive at their maximum permissible retransmissions. As the train moves towards the small cell, with double copies of data concurrently transmitted in a retransmission, the number of required retransmissions of the proposed scheme is greatly reduced. For instance, at d = 0.3 km, the average numbers of retransmissions of the conventional scheme and the proposed scheme are 2 and 1, respectively. At the center areas of small cells in which the SNR of received signals from small cells is high, e.g., at d ∈ (0.5, 0.7) km, the numbers of required retransmissions of both schemes are close to zero. When the train is at the center area of the macro cell which corresponds to the edges of these two small cells, thanks to the high SNR collaborative retransmissions from the macro cell, the performance improvement of the proposed scheme in this region is the most remarkable. At d = 1 km, the number of required retransmissions of the proposed scheme is about 1, while for the conventional scheme it reaches up to 6. For other MCSs, the whole trend is the same as 64QAM. Nevertheless, because lower order MCSs can achieve higher retransmission reliability, as shown in Fig. 6 , the lower the MCS order is, the less remarkable the performance improvement is.
Based on the above results, as shown in Fig. 7 , with double copies of data concurrently transmitted in a retransmission in the proposed scheme, to achieve the same transmission reliability, the proposed scheme requires fewer retransmissions, thereby mitigating the latency problem caused by HARQ retransmissions. For example, at d = 1 km, the average retransmission latency of 64QAM, 16QAM and QPSK is reduced by the proposed scheme from about 84 ms to 14 ms, from about 80 ms to 14 ms and from about 18 ms to 13 ms, respectively. Also double copies of resources are consumed by a retransmission in the proposed scheme. As depicted in Fig. 8 , when the train is at the edges of the macro cell, the conventional scheme outperforms the proposed scheme in terms of the average system transmission rate. Nevertheless, with reduced retransmissions in the proposed scheme, the performance gap between two schemes is very small. On the contrary, for 16QAM and 64QAM, at the center area of the macro cell, thanks to the high SNR collaborative retransmissions from the macro cell, much fewer retransmissions are needed in the proposed scheme. As aforementioned, at d = 1 km in Fig. 6 , the proposed scheme reduces the average number of required retransmissions from about 5.8 to 1 and from 6 to 1 for 16QAM and 64QAM, respectively. Therefore, in this region, the proposed scheme obtains a higher average system transmission rate as shown in Fig. 8 . Correspondingly, at d = 1 km, the performance improvement of the proposed scheme under 64QAM and 16QAM is about 0.9 bit/symbols and 0.6 bit/symbols, respectively. However, as discussed above, for QPSK which has a higher ability in enhancing the transmission reliability, the performance improvement of the average number of required retransmissions is less remarkable. At d = 1 km of Fig. 6 , the average number of required retransmissions are reduced from about 1.3 to 0.9 by the proposed scheme. Therefore, in Fig. 8 , even at the center area of the macro cell, the conventional scheme still obtains a higher average system transmission rate than the proposed scheme.
B. Performance Comparisons Under AMC
In practical wireless communication systems, AMC techniques are usually employed to adapt to various wireless channels. If a wireless channel is of high quality, higher order MCSs with higher transmission rate will be used to improve the spectrum efficiency. Otherwise, lower order MCSs will be implemented to enhance the transmission reliability. That is to say, AMC can enhance the transmission reliability in some degree. Hence, under AMC, the performance improvement of the proposed scheme will not be very remarkable. To make this more understandable, the MCS adaption results of the macro cell and small cell during the train running through the coverage of the macro cell are illustrated in Fig. 9 . The higher the received signal quality is, the higher the MCS order is selected. For the center areas of the macro cell and small cells, the selected MCS mode is 64QAM. In contrast, QPSK is used for cell edges. And 16QAM is used for other areas with intermediate signal quality. For simplicity, in this paper, we only consider the three MCSs listed in Table I , in which the SNR thresholds of MCS switching are given in the last row. Nevertheless, by substituting the corresponding MCS related parameters, the same analysis method also holds for other MCSs. are exact values, not the upper or lower limit. For other regions, as shown in Fig. 9 , the macro cell and small cell always use different MCSs. And we can only obtain the upper limit and lower limit of the average number of retransmissions in those regions for the proposed scheme. Besides, as shown in Fig. 9 , when the train is in those regions, either the macro cell or the small cell can provide a high SNR retransmission. Therefore, in the proposed scheme which employs both the macro cell and small cell to handle retransmissions, for all MCSs, the numbers of required retransmissions are very low and the performance difference among them is small. As a consequence, as shown in Fig. 10 , the two curves of the upper limit and lower limit of the average number of retransmissions in the proposed scheme are almost overlapped. Then, in the following analysis, we can use one of them as an approximate curve of the real average number of retransmissions for the proposed scheme. Due to the fact that AMC techniques can enhance the transmission reliability in some degree, as shown in Fig. 10 the total number of required retransmissions of both schemes are less than 1.5 and the performance improvement of the proposed scheme is not very remarkable. Fig. 11 compares the average retransmission latency and the average system transmission rate comparisons between two schemes under AMC. In the proposed scheme, with double copies of data concurrently transmitted in a retransmission, the HARQ retransmission latency is reduced. Nevertheless, as aforementioned, due to the fact that AMC techniques can enhance the transmission reliability in some degree, the performance improvement is not very remarkable. As a kind of sacrifice, also with double copies of resources consumed in a retransmission, the proposed scheme has lower average system transmission rate compared to the conventional scheme. However, the performance gap is very small. In addition, thanks to the concept of C-plane and U-plane decoupling which dramatically expands the bandwidth, the system capacity in this network is not a critical problem. On the contrary, it is very important and necessary to mitigate the latency problem when linking the completely separated C-plane and U-plane in different network nodes, which is also the main goal of this paper.
Alternatively, excluding the spectrum resources used by C-plane transmissions, if there are still spare resources in macro cells, they can also be exploited to transmit general U-plane data via the proposed collaborative transmission framework. Based on this observation, in order to present a more comprehensive performance study, in Fig. 12 , the effective transmission rates of spare resources of macro cells used in two different cases, i.e., collaborative HARQ retransmissions and general transmissions, are compared. As shown in Fig. 12 , for the case that spare resources are used for HARQ retransmissions, in the regions of d ∈ (0.2, 0.5) km and d ∈ (0.7, 1) km these resources are invested to repeatedly retransmit the received erroneous packets, leading to a lower effective transmission rate in these regions compared to the case that these resources are used for general transmissions. Nevertheless, as demonstrated above, with the help of these resources to handle retransmissions, the retransmission latency is highly reduced. As a matter of fact, this is very common for the field of wireless communications where some performance is sacrificed for the improvements of other performance. Fortunately, for broadband C/U-plane decoupled railway wireless networks, the capacity is not a key problem temporarily. On the contrary, the aggravated retransmission latency problem in this network is more pronounced. Hence, it is more beneficial here to utilize the possible spare high-quality resources of macro cells to handle retransmissions.
VII. CONCLUSION
The recently proposed C/U-plane decoupled railway wireless networks aim to meet dramatically growing wireless access demands of train passengers as well as the reliable transmission requirements of train control systems. Although the whole system capacity is highly increased in this network with the U-plane moved to broadband higher frequency bands, how to mitigate the latency problem when linking the completely separated C-plane and U-plane in different physical nodes becomes important, especially for HARQ protocols which require frequent interactions between the C-plane and U-plane. To address this challenge, in this paper we have proposed a lowlatency collaborative HARQ scheme, in which if there are spare spectrum resources in macro cells excluding those used by C-plane transmissions, they will be exploited to help small cells handle retransmissions. To realize collaborative transmissions between two different network nodes, i.e., macro cells and small cells, a novel collaborative transmission framework is proposed. Although the framework in this paper is used for HARQ retransmissions, it can also be developed for general collaborative transmissions to enhance the flexibility of bandwidth extension for C/U-plane decoupled railway wireless networks. Accordingly, the channel mapping is also redesigned to conform to this framework.
Both the theoretical analysis and simulation experiments are conducted under two different conditions, i.e., with and without AMC. No matter under which condition, the proposed scheme always outperforms the conventional scheme in terms of the average retransmission latency. Due to the fact that AMC techniques can enhance the transmission reliability in some degree, under the condition with AMC, the average system transmission rate of the proposed scheme is slightly lower than that of the conventional scheme. Nevertheless, for C/U-plane decoupled railway wireless networks in which broadband higher frequency bands are integrated, the system capacity is not a key point temporarily. In contrast, in this network, how to mitigate the aggravated latency during HARQ retransmissions becomes important, which is exactly the research focus of this paper. As a matter of fact, in the field of wireless communications, sacrificing some spectrum resources to gain the transmission reliability is a common means. For our future work, we will consider the differences of signal propagation characteristics on higher and lower frequency bands, such as different Doppler shifts and frame structures when combining the data received from macro cells and small cells, so as to make the collaborative transmission scheme more practical and further increase the data combining performance. (10) 
APPENDIX A DERIVATION OF EQUATIONS
where Su indicates the event that data in this transmission are successfully decoded, and F a denotes the otherwise case. The first three equations are the derivation steps of Eq. (10), and the last two equations are the derivation steps of Eq. (11). Pr F a s,0 , F a m,s,1 , . . . , F a m 
